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Abstract This study explores the updraft and downdraft properties of mature stage mesoscale
convective systems (MCSs) in terms of draft core width, shape, intensity, and mass flux characteristics. The
observations use extended radar wind profiler (RWP) and surveillance radar data sets from the U.S.
Department of Energy Atmospheric Radiation Measurement program for midlatitude (Oklahoma, USA)
and tropical (Amazon, Brazil) sites. MCS drafts behave qualitatively similar to previous aircraft and RWP
cloud summaries. The Oklahoma MCSs indicate larger and more intense convective updraft and
downdraft cores, and greater mass flux than Amazon MCS counterparts. However, similar size-intensity
relationships and draft vertical profile behaviors are observed for both regions. Additional similarities
include weak positive correlations between core intensity and core width (correlation coefficient r ~ 0.5)
and increases in draft intensity with altitude. A model-observational intercomparison for draft properties
(core width, intensity, and mass flux) is also performed to illustrate the potential usefulness of statistical
observed draft characterizations. Idealized simulations with the Weather Research and Forecasting model
aligned with midlatitude MCS conditions are performed at model grid spacings (/\x) that range from 4 km
to 250 m. It is shown that the simulations performed at /\x = 250 m at similar mature MCS lifecycle stages
are those that exhibit draft intensity, width, mass flux, and shape parameter performances best matching
with observed properties.

1. Introduction

Climate predictions of extremes in deep convective cloud (DCC) intensity, such as higher precipitation rates
or severe weather potential, point to significant global economic vulnerabilities connected with accurate rep-
resentations of these clouds in weather and climate models (e.g., Diffenbaugh et al., 2013; Seeley & Romps,
2015; Sillmann et al., 2013; Trapp et al., 2009). The current inadequacies in our observations of the kine-
matic and/or microphysical characteristics of DCCs inhibit global climate model (GCM) to higher-resolution
cloud-resolving model (CRM) process improvement (e.g., Del Genio et al., 2012; Donner et al., 2016; Fan
et al., 2017; Mrowiec et al., 2012; Varble et al., 2014). A fundamental property of convection is its vertical
air motion, which is one of the most difficult aspects of DCCs to measure by direct observations. Recent
CRM studies that attempt to evaluate the simulated convective updraft properties against radar retrievals
indicate deficient model representations of updraft magnitudes, frequency, and areal coverage (e.g., Varble
et al., 2014; Fan et al., 2017). Since such air motion retrievals are scarce, there is continued motivation to
improve the documentation of updraft and downdraft properties for future model process improvement.

The best observations of DCC updrafts, downdrafts, and/or mass flux properties have been historically those
collected by aircrafts (e.g., Anderson et al., 2005; Byers & Braham, 1948; Heymsfield et al., 2010; LeMone
& Zipser, 1980; Stith et al., 2004; Zipser, 1977; Zipser & LeMone, 1980). Unfortunately, in situ or remote
sensing-based aircraft observations of deep convective updrafts are costly, hazardous, and infrequent, having
additional maximum aircraft altitude, endurance, and safety restrictions. Recently, profiling and scanning
Doppler radar and/or multifrequency remote sensing techniques have also been suggested as partial solution
to this absence of vertical air motion information within DCCs (e.g., Giangrande et al., 2016, 2013; Kollias
etal., 2018; Kumar et al., 2015; May & Rajopadhyaya, 1996, 1999; North et al., 2017; Ovchinnikov et al., 2019;
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Ray et al., 1980; Williams, 2012). The modest spatiotemporal resolution O(1 km, <5 min), accuracy (often
reported within 1-2 m/s in deep convective core regions for “instantaneous”/gate retrievals; e.g., Heymsfield
et al., 2010), and availability for multiyear data sets are strengths for these methods. Remote sensing mea-
surements are currently also the best option to inform on intense DCC updrafts considering practical
restrictions of severe storms on aircraft operations.

This study is motivated by the need to better document DCC updraft/downdraft properties as can be
retrieved using an extended radar wind profiler (RWP) data set. To narrow our observational scope, the ana-
lyzed data set is drawn from a mesoscale convective system (MCS) archive recently summarized by Wang
etal. (2019). As among the largest and most intense type of convective storms, MCSs are recognized for their
important role at local (e.g., severe weather warning) to global (e.g., general circulation and water cycle)
scales (e.g., Del Genio & Kovari, 2002; Feng et al., 2016, 2018; Fritsch et al., 1986; Hartmann et al., 1984;
Houze, 2004, 2018; Nesbitt et al., 2006; Roca et al., 2014). From a practical perspective, mature MCSs and/or
squall lines having trailing stratiform precipitation typically represent one of the more well-defined targets to
identify and sample with existing ground-based radar equipment. These data sets were collected by the U.S.
Department of Energy's (DOE) Atmospheric Radiation Measurement (ARM; Mather & Voyles, 2013) pro-
gram at its field site in Oklahoma, USA, as well as by its Mobile Facility (AMF; Miller et al., 2016) deployment
to the central Amazon Basin. Moreover, a secondary benefit for this data set is that it includes RWP obser-
vations collected within two archetypal continental MCS locations that potentially allow demonstration for
regional (midlatitude and tropical) and seasonal kinematic variability.

An emphasis for this study is on mature MCS updraft and downdraft properties in terms of draft core width,
shape, and intensity characteristics. This will include select studies into the variability of those properties
with changes in storm regional (midlatitude and tropical) and/or environmental controls. As with the pre-
vious RWP-based study by Giangrande et al. (2013), updraft and downdraft characterizations adopt several
standard aircraft and profiler-based definitions (and limitations) for draft width, intensity, and mass flux
(e.g., LeMone & Zipser, 1980; Zipser & LeMone, 1980). In section 2, we provide information on the data
sets and methods to include details on our techniques and sampling considerations when estimating verti-
cal air velocity and core width. Results from these Amazon and Oklahoma MCS data sets that include core
size-intensity behaviors and select thermodynamic controls on core properties are presented in section 3. To
demonstrate the potential usefulness for extended RWP retrievals, section 4 presents a model-observational
intercomparison of convective core properties drawn from idealized MCS event simulations. These simula-
tions are performed using model grid spacings (A\x) that span /Ax = 4 km to 250 m to better resolve salient
storm aspects including large-scale turbulent motions, wind shear, and microphysical processes. Observa-
tional and model intercomparison results are further discussed in section 5. A summary of the key findings
is presented in section 6.

2. Data and Methods

Data sets for this study were collected during continental midlatitude and tropical MCS events recently
summarized by Wang et al. (2019). This study focuses on MCSs at a mature lifecycle stage when passing
over ARM sites. All events in this data set are characterized as classical leading convective squall-line and
trailing stratiform precipitation MCS modes; thus, these MCS events are not intended to be representative
of all tropical or midlatitude MCS behaviors (e.g., R. A. Houze, 2004, 2018). Our tropical MCS dataset was
collected by the U.S. DOE ARM facility during its '‘Observations and Modeling of the Green Ocean Amazon
2014-2015 campaign, near Manaus, Brazil, from March 2014 to December 2015 (herein, GoAmazon2014/5
or MAO; e.g., Giangrande et al., 2017; Martin et al., 2016, 2017). The midlatitude MCS data set was collected
at the ARM Southern Great Plains (SGP) supersite near Lamont, Oklahoma, USA (e.g., North et al., 2017;
Sisterson et al., 2016) during the period 2012 to 2016. As summarized in Tables S1 and S2 in the supporting
information, the data set includes 42 MCS events from the Amazon campaign that deployed a single RWP
at its primary location (i.e., MAO site). The midlatitude MCS data set has 12 events as sampled by four SGP
RWPs (one at the SGP Central Facility [CF] in Lamont, OK, and three located at extended facilities within
30 km of the CF). Surveillance weather radar available during each deployment enabled the identification
of mature MCS stages, as well as storm tracking capabilities required to estimate core widths as described
in section 2.3.
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Figure 1. Example of RWP (a) retrieved vertical air velocity [m/s] and
(b) radar reflectivity factor [dBZ] time-height plots for the 29 March 2015
MCS event during GoAmazon2014/15 field campaign. Contours are the
outlines of updraft core regions as designated by our threshold criteria.

forcing parameters in Tables S1 and S2, with those parameters estimated
using methods found in Wang et al. (2019). These quantities include
estimates for the convective available potential energy (CAPE) and the
convective inhibition (CIN), as well as 0-5 km Relative Humidity (RH)
and 3-6 km Environmental Lapse Rate (ELR). The originating parcels for
CAPE and CIN estimates are defined by the level of the maximum vir-
tual temperature in the lowest kilometers. Thus, these quantities represent the most buoyant parcel in the
boundary layer and maximize the calculated values such that the reported values are comparable to Most
Unstable CAPE/CIN (MUCAPE/MUCIN).

2.2. Radar Wind Profiler (RWP) and Vertical Air Velocity Retrievals

The RWPs were the primary instrument for this study and operated at ultrahigh frequency of 920 MHz at
SGP (U-band) and 1,290 MHz at MAO (L band). These radars have been reconfigured from standard wind
profiling modes to enable unique precipitation sampling that frequently points vertically and collects data
through the depth of deep convective cells (to 17 km; e.g., Tridon et al., 2013). The ARM RWPs have a mod-
est beamwidth (~ 9°, or 1 km at 6 km AGL; ~2 km at 12 km AGL) and observe time-height estimates for the
radar reflectivity factor (Z) and mean Doppler velocity at approximately 10 s temporal and 200 m gate resolu-
tion. Note, RWP Z values measured below 1.5 km are less reliable for use, owing to RWP receiver saturation
(e.g., Tridon et al., 2013). For the 920/1,290 MHz frequencies taking advantage of shorter precipitation mode
averaging periods, there are negligible Bragg contributions for the proposed RWP applications in deep con-
vective cores. Measurements collected above 12 km are also not considered for this study, owing to limited
RWP samples above these altitudes and additional beamwidth considerations (beamwidths exceed 2 km).

An example of an MCS passage as viewed by the RWP (Z estimates and retrieved vertical velocity, with over-
laid updraft core designation regions as discussed in section 2.4) is plotted in Figure 1 for the 29 March 2015
event during GoAmazon2014/5 campaign (Feng & Giangrande, 2018). Convective core vertical air motion
(W) estimates follow retrieval methods that apply Z-based fall speed corrections to the estimated RWP mean
Doppler velocity as previously performed by Giangrande et al. (2013, 2016) for Oklahoma and Amazon con-
ditions, respectively. Convective core retrieval techniques also employ a filtering of the RWP data sets by
identifying the “convective” RWP columns using standard profiler-based concepts that consider column Z
signatures, mean Doppler velocity, and presence of radar “bright band” (melting-level) characteristics (e.g.,
Fabry & Zawadzki, 1995; Geerts & Dawei, 2004; Williams et al., 1995). Since such radar echo classifica-
tions are not completely robust or continuous in time, we ensure reliable and coherent squall-line/periphery
convective region identification through additional manual inspection of each event. We do not perform
retrievals for altitudes between 3 and 5 km to avoid potential melting hydrometeor contamination in radar
Z measurements. This step is precautionary and not a requirement for deep convective cores having graupel
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and frozen drops; this censoring is necessary in periphery stratiform/dry snow regions where increases in Z
through aggregation and melting processes do not imply faster hydrometeor fall speeds.

As before, we apply the previous Giangrande et al. (2013, 2016) methods to similar ARM RWP measure-
ments. Since RWP mean Doppler velocity measurements reflect the contributions from the ambient air
motions and particle fall speeds, W is estimated by removing hydrometeor fall speed contributions according
to power law relationships of the reflectivity factor Z. For rain below the melting level, these relationships
are of the form, fall speed V, [m/s] = aZ?, wherein Z is in linear units [mm®/m?3] and the coefficients a and b
are based on local disdrometer measurements (e.g., for convective rain). Our power law relationships follow
the forms for Oklahoma and Amazon introduced by Giangrande et al. (2013, 2016), who utilize different a
coefficients (a = 2.95 for SGP; a = 2.65 for MAO) with the same b coefficient (0.1). These differences are
physically consistent with regional convective process and DSD variability expectations between midlati-
tude and tropical continental settings (e.g., higher propensity for smaller drops for the same Z in tropical
settings, or melting graupel or small hail in the Oklahoma setting). Above the melting layer, we estimate a
“rain” and a “graupel” fall speed and apply whichever fall speed is slower for a given Z. The graupel relation-
ship follows from the previous literature (e.g., Giangrande et al., 2016; Heymsfield et al., 2010). The power
law relationships used for graupel at SGP site is

Vit =22+ V10Z-39/10 »
and

Vi = 2.3+ V/10Z-30/10, ®)

atthe MAO site (V, is in units [m/s], and Z is in units [dBZ]). Again, the smaller coefficients in the MAO rela-
tion are consistent with physical expectations for continental-tropical events associated with higher-density
graupel and/or frozen drops when compared to SGP events. Additional discussion on the development, mod-
ifications, and intercomparison of graupel fall speed behaviors with dual frequency-based retrievals is found
in Giangrande et al. (2013, 2016). Previous studies indicate that RWP retrievals of this form are accurate
within 1-2 m/s provided the absence of larger hail. While Amazon events do not promote hail, Oklahoma
events were cross-referenced with NOAA's National Weather Service Storm Prediction Center storm reports
to mitigate inclusion of possible large hail events. Comparisons of single profiler concepts in tropical convec-
tion to dual-frequency profiler “residual” fall speed behaviors (e.g., Figure 5 as from Giangrande et al., 2016)
also indicate previously established model-based power law forms align in a consistent way to independent
bulk fall speed V,-Z relations, with differences within 1-2 m/s. Note that these statements are “instanta-
neous” retrieval expectations and subsequent sections will introduce that for the relevant “core” properties
(e.g., the maximum updraft in a given core); random sampling and other factors promote additional biases
that are scale independent and may exceed 30-40% for any given core.

2.3. Surveillance Radar-Based Tracking

A nearby surveillance S-band (3 GHz) radar was available within 70 km of each site and used to estimate
horizontal advection speed of the MCS propagating over the RWPs (e.g., Figure 2). At the SGP site, the
Next-Generation Radar (NEXRAD) provided radar coverage over the CF and intermediate RWP locations.
Surveillance radar coverage during GoAmazon2014/5 over the ARM site was obtained from the closest Sys-
tem for the Protection of Amazonia (SIPAM) S-band radar located near Manaus (e.g., Martin et al., 2016).
Radar fields were quality controlled for clutter and then transformed to a Cartesian grid. The Vance AFB
NEXRAD (KVNX) radar data were gridded to a 1 km X1 km horizontal grid and available at approximately
5 min intervals. The SIPAM radar data were gridded to a 2 km X2 km horizontal grid and available every
12 min.

For all MCSs passing over the sites, radar data were used to estimate advection speed of the convective
features associated with the MCSs using the FLEXible object TRacKeR (FLEXTRKR) tracking algorithm
in Feng et al. (2018). First, radar data were processed to classify the approximate convective and stratiform
areas by applying a tuned version of the Steiner et al. (1995) classification technique (Feng et al., 2012) to the
radar reflectivity field at 2.5 km MSL. Convective features are defined as contiguous grid points classified
as “convective” and are tracked temporally based on the overlap. This provided a series of 2-D reflectivity
images for the same convective features. Once the tracked 2-D reflectivity images have been generated,
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Figure 2. Example of radar tracking for the 5 June, 2013 MCS event over the SGP site from the KVNX NEXRAD radar.
(a) Snapshot of CAPPI radar reflectivity at 2.5 km MSL, (b) representative snapshots of the tracked MCS convective
feature at several different times as it propagated eastward over the SGP site. The star represents the SGP CF, and the
three diamonds forming a triangle denote the three extended facility sites surrounding the CF.

storm advection is calculated as the 2-D spatial shift that maximizes the cross-correlation between two-time
steps. The use of the cross-correlation technique avoids unrealistic jumps in tracking performance caused
by changes in MCS morphology. Using the calculated advection and time lag, convective storm propagation
speeds were estimated. In cases where the 2-D correlation fails to find a realistic advection rate for a time
step (<50 m/s), the result is interpolated using a spline fit from the time series of advection speed for the
tracked feature. Results of MCS tracking are listed in Tables S1 and S2.

2.4. Updraft/Downdraft Core and Core Mass Flux Definitions

Previous aircraft studies have defined cores as contiguous regions where an aircraft samples vertical air
velocity |W| exceeding 1 m/s for a minimum of 0.5 to 1 km distance (e.g., LeMone & Zipser, 1980). For
time-height profiler studies as in May and Rajopadhyaya (1999) or Giangrande et al. (2013), their core des-
ignations have adopted a more restrictive air velocity threshold |W]| > 1.5 m/s to accommodate additional
retrieval RWP uncertainty, as well as identifying velocity features having a 1 min contiguous measurement
that exceeds this velocity threshold. The justification for the 1 min standard was that for modest convective
storm propagation speed (15 m/s), a 1 min sample translated to the approximate capture of a 1 km core. In
this study, we adopt the same approach as in previous profiling radar efforts recognizing the “trial-and-error”
and/or arbitrary nature for both aircraft and profiler core thresholds as noted by those previous authors.
Overall, this 1 km benchmark is a rough guideline for a minimum allowable or trustworthy core. However,
larger/smaller core designations may be anticipated under faster/slower storm propagation speeds, or when
sampled at different altitudes (e.g., eventual beamwidth limitations to higher altitudes).

RWP sampling was performed using an approximate 14 s update cycle, interweaving precipitation sampling
(7 s) and boundary layer wind sampling (7 s). The precipitation mode data have been linearly interpolated
to 10 s. Thus, our proposed core designations require six or more contiguous observations from the RWPs
that exceed our minimum velocity threshold. As in Giangrande et al. (2013), additional criteria are used to
reduce spurious or less significant designations. Criteria include applying a vertical core continuity check,
as well as thresholds for significant mean core reflectivity factor (<Z> > 20 dBZ). We maintain an upper
bound of 12 km when we plot 1-D histograms and 2-D core size relationship, which aligns our comparisons
to those from the previous (Giangrande et al., 2013) study. Note that this plotting choice is also a practical
reflection of the limited core samples above those heights (fewer than 100 cores sampled above 12 km). This
isattributed to a decreasing number of storm sampling opportunities (fewer cloud columns that reach higher
altitudes), as well as RWP beamwidths that exceed 2 km, thereby less enabling smaller core properties to be
sampled. Additional RWP core sampling “trial-and-error”-type considerations are discussed in section 2.5.

Air mass flux calculations follow constant-altitude aircraft definitions as in LeMone and Zipser (1980).
These estimates represent the rate of transport of mass per unit distance perpendicular to the profiler
time/diameter dimension. The mass flux values are determined by an expression (pWD) that is the product
of the air density p, the mean/median air motion W, and core width (or approximate diameter) D. This def-
inition, much like core mean or core maximum air velocity values, is a property of an individual core. Thus,
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these mass flux estimates are different than a traditional GCM-type definition for mass flux in cumulus
parameterization that requires estimating the properties of all cores over a large area (e.g., found in recent
RWP studies in Giangrande et al., 2016; Kumar et al., 2015). The core width D is calculated using the mean
convective line propagating speed for each individual MCS event, multiplied by the number of continuous
time bins (at 10 s spacing).

2.5. Additional Core Sampling, Plotting, and Designation Considerations

Profiler studies are typically presented in a similar fashion to previous aircraft core studies, as these meth-
ods share several advantages and limitations. Profiler methods assume that the width of convective drafts
sampled steady state (in time height) and do not evolve substantially during the collection window. In
addition, RWP efforts assume that storm propagation is similar to collective convective draft propagation.
These potential discrepancies may be partially offset by RWP capabilities to inform or filter on the coher-
ent (2-D) nature of the sampled drafts (e.g., vertical continuity and associated checks). Nevertheless, RWP
retrievals share in several sampling and interpretation considerations as previously discussed by aircraft
studies (e.g., LeMone & Zipser, 1980). This section summarizes these shared considerations for the current
RWP applications.

Both aircraft and RWP sampling are forms of random core sampling, wherein the sampled core properties
may not reflect direct hits over the RWP site. One solution for such associated “random” sampling biases
has been provided by Jorgensen et al. (1985), associated with a generalized random-radius sampling of cir-
cular core objects. This particular solution to the random core sampling problem is scale independent and
follows RWP retrieval assumptions to include MCS squall lines containing randomly placed circular drafts
propagating over the profilers in a consistent manner. For these circular drafts, an expectation diameter
(chord) would be biased low by approximately 22% (see mathematical derivations in Jorgensen et al., 1985).
The current RWP retrieval methods remove smaller objects/chords of O(0.5 km), and this acts to reduce the
expectation diameter biases in a scale-dependent manner. However, applying this scale-dependent change
to the Jorgensen et al. (1985) solution is of minimal impact (e.g., within 5%) for cores larger than 1 km,
asymptotes to the approximate 21-22% underestimate (statistically) for core diameters larger than 2 km.
Owing to nonuniform beam filling considerations, 2 km and larger cores considered in this study will have
core widths smeared by as much as half the beam width (e.g., 500 m at 6 km). In these practical RWP appli-
cations, smearing will mitigate excepted underestimation to higher altitudes, but typically not to better than
10-15% underestimation for the larger cores.

Jorgensen et al. (1985) further discussed the impact of this random sampling on core velocity properties
when assuming drafts behaving as triangular (e.g., cores having a peak velocity in the center and linear
decrease in velocity to core edges). In this configuration, the expected maximum velocity W,,,,,, would be
underestimated by a factor of 2. With regard to this statement on W,,,, (or < W >) sampling bias, it is known
the limiting assumption to establish these sampling biases is that of triangular core behaviors, given that a
flatter/“top hat” draft shape would promote reduced to no biases. In observation results from section 3, we
suggest the triangular draft assumption is reasonable from our RWP records and therefore the MCS draft
intensity properties we report are potentially biased low by a factor of 2. Testing performed on modeled MCS
cores to higher grid spacing (simulations introduced in section 4) indicates that applying similar random
core sampling ideas to model outputs consistently promotes diameter biases to the 20% level. However,
our model runs indicate W,,,,, from our core sampling method is biased low by approximately 30-40% (not
shown), with higher underestimation to larger core sizes. Here, we attribute this discrepancy when using
models for expected < W > or W,,,, bias to model simulated updraft shape that is more “top hat” like than
triangular like, possibly owing to wider drafts (or higher resolution) better resolving more triangular (see
discussions in section 5).

For 2-D size-intensity relationships we provide in subsequent sections, chording considerations also imply
that sorted core width behaviors are potentially informed by a population of chords that originate from wider
cores. As wider cores are typically more intense, it is suggested that select biases in 2-D plotting represen-
tations may be introduced (e.g., sampling wider cores as if these were smaller), offset partially (especially
for triangular-type features) by the corresponding increase in core magnitude. Biases in these averaged core
properties attributed to chords from significantly larger cores are however mitigated by the overall decrease
in core counts to extreme sizes.
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Figure 3. Normalized number of updraft cores at 2 and 7 km as a function of vertical velocity threshold and the
number of consecutive gates used for defining the convective cores, for MAO (a and b) and SGP (c and d) MCSs.

Finally, it is expected that changes to our core threshold criteria (velocity or consecutive/coherent observa-
tions) will impact our designation of weaker and/or smaller-sized features. Ideally, we do not want small
changes in method thresholds to cause significant changes to our summary core results (e.g., for cores larger
than 2 km). In Figure 3, we plot 2-D histograms for the normalized number of updraft cores sampled for
the SGP and MAO MCSs at two altitudes (2 and 7 km). In this plot, we display the sensitivity of updraft
core counts to a range of minimum core velocity and minimum core size (consecutive RWP time sam-
ple) criteria. As expected, applying higher-velocity threshold criterion (allowing only core objects greater
than 1.5 m/s) reduces the number of cores by removing less significant features. However, the change in
updraft core count is relatively insensitive to small increases in the velocity threshold. Thus, we suggest it
is appropriate to maintain the W threshold of 1.5 m/s, as the value aligns with several previous studies.
The more significant change to core counts is associated with the requirements for contiguous observations
when identifying a core. Here, our testing indicates a rapid increase in counts when attempting to desig-
nate cores without ensuring there are five to six consecutive time gates reporting this core. This inflection
point is aligned with previous six-gate/1 km criteria as adopted by RWP efforts and attributed to additional
RWP beamwidth considerations, for example, less able to resolve core objects smaller than 1 km under high
altitude or fast-moving MCS conditions.

3. Core Results Within Mature MCS Convective Lines

Kinematic characteristics observed during mature stage MCS updraft and downdraft cores are summa-
rized in this section. Although we limit our examples to the mature stages in the MCS lifecycle, any
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lifecycle assessment based on the presence of key radar squall-line precipitation properties is nonetheless
nontrivial to generalize. Moreover, we anticipate that mature MCS transition from updraft-dominant to
downdraft-dominant phases, for example, as reflected by changes in mature-stage convective and stratiform
precipitation coverage (e.g., Feng et al., 2019). Thus, the authors recommend caution when interpreting the
mature-stage results that follow.

In Figure 4, we introduce the MAO and SGP data sets by plotting the cumulative mean, 5th (downdraft) and
95th (updraft) percentile profiles for the vertical air motion (| W] > 1.5 m/s) in convective regions. These com-
posites are similar to the ones found in Wang et al. (2019) and other observational summaries. In Figure 4b,
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Figure 6. As in Figure 5 but for downdraft cores.

we demonstrate that when segregating according to updraft-only (W > 1.5 m/s) and downdraft-only (W <
-1.5 m/s) conditions, SGP events are associated with more intense air motions. Both MAO and SGP MCSs
indicate extreme (5th and 95th percentiles) air motions exceeding 10 m/s. Profile mean and tail-end values
indicate that more intense air motions are observed at higher altitudes.

3.1. Updraft and Downdraft Core Histograms

Core width, mean, maximum vertical velocity, and mass flux are computed as in Giangrande et al. (2013).
For the SGP data set, approximately 7,972 updraft cores and 10,493 downdraft cores were designated using
the six-gate/1.5 m/s threshold criteria. For the MAO data set, core counts are 14,952 and 8,951 for updrafts
and downdrafts, respectively. Overall, core counts in this data set are a factor of 3 larger than the data sets
summarized by the Giangrande et al. (2013) study.

In Figures 5 and 6, we plot 1-D normalized histograms and cumulative distribution functions (CDFs) for
updraft and downdraft cores. Since midlatitude SGP events are typically associated with larger-scale forcing
(e.g., frontal Feng et al., 2019; Song et al., 2019) and steeper ELRs, especially during spring time (Tables S1
and S2), these events promote more intense in-cloud motions (Figures 5a and 5b). For example, approxi-
mately 20% of the SGP data set registers a maximum updraft velocity >10 m/s, as compared to 10% of the
MAO data set cores (e.g., Figure 5b). Wide updraft cores (D > 6 km) are not frequently observed at either
location (e.g., Figure 5c). Since SGP updrafts are more intense and more frequently wider, SGP core distri-
butions skew toward a higher mass flux. Downdraft core distributions (Figure 6) align with updraft results,
suggesting wider cores (Figure 6¢) and more intense downdrafts (Figures 6a and 6b) for SGP. Downdrafts are
weaker than updrafts, with core widths smaller than those for updrafts (predominantly, D < 4 km). Recall
that these downdrafts are exclusively sampled in the convective regions, not those observed in the stratiform
portions of the MCSs.

3.2. Cumulative Core Properties and Dependence With Core Width

One approach to isolate core properties is to sort updraft or downdraft retrievals according to core width. In
Figure 7 (updrafts) and Figure 8 (downdrafts), we plot the mean and standard deviations (in 1 km core width
increments) for the mean horizontal draft velocity <W>, the maximum velocity W,,,,., the ratio of the mean
horizontal core velocity to its maximum velocity <W>/W,,,., and mass flux. These figures overlay linear
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Figure 7. Mean vertical velocity (a), maximum vertical velocity (b), mean vertical velocity normalized by the
maximum vertical velocity (c), and mass flux (d) for each updraft core width bin at MAO (green) and SGP (yellow) sites
(dots). Bins are an increment of 1 km, and error bars represent +1 standard deviation. Solid lines are the linear least
squares regression fits.

least squares regression fits to the data sets and the associated Pearson correlation coefficients (r) for those
relationships (calculated using the whole data set). Correlation coefficients are provided following previous
aircraft and profiler studies. However, as correlation coefficients are intended for quantities that are linearly
related, these calculations may not be applicable to updraft size and intensity characteristics that involve
complex relationships with entrainment and other processes. In Figures 7b and 8b, we report the number
of samples within each bin, with fits performed using bins having counts >50. In Figures 7d and 8d, we plot
the mean air density p associated with the core populations (bin), as reference to the role of p in mass flux
estimates. These values serve as a proxy for the average altitude of these core samples.

As reported by Zipser and LeMone (1980) for GARP (Global Atmospheric Research Program) Atlantic Trop-
ical Experiment (GATE) and also by Giangrande et al. (2013) for Oklahoma, we observe a modest increase
in mean and maximum updraft intensity as a function of core width (r ~ 0.5). The correlation is of similar
magnitude to Giangrande et al. (2013), and this weak positive correlation is observed at both sites. There is
also a slightly stronger correlation coefficient in core size intensity between the core width and its maximum
updraft velocity (than to mean core velocity). Overall, SGP updraft core intensity and mass flux retrievals are
more intense at the larger core sizes than MAO counterparts (e.g., larger slope parameters). Note that the
average air density in similar size bins (e.g., Figure 7d) also shifts between the SGP and MAO data sets, with
the SGP site reporting a lower average air density for cores smaller than 4 km. Moreover, the SGP data sets
indicate that the typical updraft core (any size) is sampled to higher altitudes (lower average density across
all core sizes), whereas MAO suggests smaller cores dominate the MAO statistics at the lower altitudes (also
see Figure S2).

Additional tests (not shown) indicate that the normalized, statistical horizontal core shape is approximately
triangular (e.g., symmetric, with W, located in the center), in agreement with previous suggestions by
Zipser and LeMone (1980). We include plots for the ratio <W>/W,,,. (e.g., Figures 7c and 8c) that one may
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Figure 8. As in Figure 7 but for downdraft cores.

interpret as a core shape or peakedness parameter for a triangular core. A similar ratio or assumption (typ-
ically, a value of 0.5) is often found in convective cloud models and theoretical treatments such as those
in Kuo and Raymond (1980) and Morrison (2016). We find a mean ratio of 0.6 that is similar at both loca-
tions. Although the aforementioned studies often assume this ratio as a constant with core altitude/size, our
observations indicate a weak, negative correlation for this ratio with size (r ~ -0.3, Figure 7c; wider drafts
appearing more triangular when size can be better resolved by the RWP). Here, discrepancies with the the-
oretical literature may relate to the RWP's inability to properly capture ratios for the smallest core sizes, but
it is encouraging that values closer to 0.5-0.6 are consistent with previous theoretical use.

Owing to its estimation as pWD, we observe a high correlation (r ~ 0.9) between the core width and mass
flux. The SGP data set favors higher mass flux for the same core width when we compare to MAO owing
to these stronger cores (Figure 7d). Mean SGP updraft mass flux values are lower than those reported for
Oklahoma by (their Figure 10; Giangrande et al., 2013). For example, the mean mass flux for a 4 km updraft
core was reported as 25 x10° kg/s/m, as compared to 10-15 X103 kg/s/m in the current study. Possible factors
related to these differences will be discussed in section 5.

In contrast to Zipser and LeMone (1980) aircraft findings, downdraft velocity is positively correlated with
core width (e.g., Figures 8a and 8b). These results are consistent with statements from Giangrande et al.
(2013), who also reported weak positive correlations for downdrafts using RWP measurements. Overall,
there are fewer discernible differences in 2-D downdraft core properties between MAO and SGP data sets
as a function of the given draft width. Similar to updraft cores, the ratio <W>/W,, . for downdraft cores is
approximately 0.6, with a similar weak and negative correlation (r ~-0.3) with increasing size. SGP down-
drafts are suggestive of a higher downward mass flux for a given core width (Figure 8d). Although 2-D
downdraft properties (e.g., Figures 8a and 8c) indicate SGP downdrafts as similar to MAO counterparts for
a given core width, recall that 1-D properties and other attributes are different. Thus, 2-D results still need
to be placed in the context of the higher frequency for observing downdraft observations to lower altitudes
at SGP when compared to MAO (e.g., Wang et al., 2019).
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Figure 9. Profile statistics of (a) updraft core width, (b) updraft velocity, and (c) mass flux according to the mean, 90th

percentile, and 95th percentile. Panels (d) through (e) are for downdraft core properties. The dotted lines are the
number of samples.

3.3. Velocity, Width, and Mass Flux Profiling

Observational DCC studies often report increases in core vertical air velocity as a function of altitude, with
inconclusive statements on the changes in draft width. With respect to mass flux, an increase in updraft
magnitude with increasing altitude coupled with the relatively higher frequency of updraft observations
(e.g., area fraction) at the midlevels typically suggests a bow-like mass flux profile. In Figure 9, we plot
traditional updraft and downdraft core velocity, core width, and mass flux retrieval profiles as a function of
altitude. We overlay the 90th and 95th percentiles for these core quantities on each plot. These depictions
suggest the following draft characteristics: (a) air motions retrieved in our MCS cores increase with altitude;
(b) extremes in updraft and downdraft air motions exceed 10 m/s at higher altitudes; (c) downdraft core
width slightly increases toward the surface, with slightly increasing updraft core sizes to higher altitudes;
and (d) downdraft mass flux increases toward the surface. Note for these mean and extreme air motion

profiles within coherent cores are similar to the ones obtained when applying the simpler |W| > 1.5 m/s
definition (Figure 4).

3.4. Breakdowns According to Environmental Forcing: MAO Updraft Examples

Giangrande et al. (2016) suggest that different Amazon regimes (e.g., wet or dry season) and/or associated
changes in thermodynamic controls (as communicated by CAPE, CIN, or low-level RH) may promote shifts
in storm updraft intensity, area fraction, and mass flux profiles as retrieved by RWP observations. Those state-
ments were based on differences between normalized histograms of the vertical velocity retrievals under
various regime breakdowns that sampled a wide variety of isolated to organized convective events. For
these particular Amazon MCS events, Wang et al. (2019) suggested that Amazon dry or transitional seasons
favored more intense maximum updraft profile signatures (distribution tails), with the dry season favoring

deeper and more intense downdrafts. However, Wang et al. (2019) were careful to indicate those results as
noisy and/or limited by event sampling.

In Figure 10, we reprise updraft characteristics as in Figures 7 and 9 for MCS core properties, as segregated
according to Amazon wet (21 events), dry (10 events), and transitional (11 events) seasons. The wet season
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Figure 10. As in previous composites, Amazon MCS events segregated according to wet (24 events, dark green), dry
(10 events, yellow), and transition (11 events, brown) seasons. The dotted lines are the number of samples.

is defined as MCSs collected between December and April, whereas dry season is defined as events collected
between June and September. As summarized in Table S1, the wet and dry season events typically exhibited
similar mean CAPE (~2,600 J/kg), CIN (~ -20 J/kg), and 3-6 km ELR (~5.3°C/km), but with large intersea-
son variability. Transitional events (those collected during May, October, and November) exhibited higher
mean CAPE (~3,300J/kg) and CIN (~ -30 J/kg), and similar 3—-6 km ELR. For core observations, MCS events
do not indicate a significant seasonal shift in updraft intensity (e.g., Figure 10b). However, downdrafts are
found to be stronger at higher altitudes in the dry season and/or seasonal conditions having higher CIN (not
shown). This may suggest that drier midtroposphere conditions during the dry season (Giangrande et al.,
2017) are contributing to stronger downdrafts through raindrop evaporation (dry air is mixed down to the
lower levels).

Overall, the absence of a pronounced change in updraft properties is consistent with the lack of variabil-
ity in MCS thermodynamic conditions across the different Amazon seasons. However, wet season events
potentially suggest wider updraft cores at higher altitudes (e.g., Figure 10a) that may accompany enhanced
mass flux profile behaviors (Figure 10c). This is consistent with aforementioned Amazon studies that indi-
cate higher wet season upward mass flux owing to larger updrafts/convective area fraction, rather than more
intense updrafts.

4. A Comparison of Observed Core Properties to Idealized MCS Simulations

Recent CRM studies report that deep convective simulations favor excessively strong updrafts and incor-
rect updraft frequency with altitude when evaluating model performance against radar observations (e.g.,
Donner et al., 2016; Fan et al., 2017; Varble et al., 2014; Wu et al., 2009). Although model performance is
often criticized as deficient, a partial explanation for these differences may be attributed to uncertainties in
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the radar retrieval methodologies and comparison approaches commonly used in such model-observational
evaluations (e.g., Oue et al., 2019). Nevertheless, a likely limitation of previous studies is the use of model
grid scales that may not resolve important convective core features, for example, those requiring resolu-
tions to O(250 m) or less where convective processes are better resolved (including turbulence, entrainment,
wind shear, and other factors; Bryan et al., 2003; Bryan & Morrison, 2012; Lebo & Morrison, 2015). The
RWP statistics we present in previous sections are capable to resolve cores to O(1-2 km), which may enable
0(250-500 m) grid spacing model core comparisons (e.g., Skamarock, 2004) to idealized MCS simulations
to further these discussions on existing model capabilities.

4.1. Simulated WRF MCSs Event Design and Core Designations

Five MCSs cases are simulated with the Weather Research and Forecasting Model Version 3.9.1.1 (WRF;
Powers et al., 2017). WRF is compiled in its idealized configuration, and simulations are performed in a
square domain with 620 km side length and 95 vertical levels with equal spacing of 250 m. Rayleigh damping
is applied to the top 5 km of the model domain. The domain boundaries are assumed to be open. The main
model setups are Thompson microphysics (Thompson et al., 2008) and the YSU planetary boundary layer
scheme (Hu et al., 2013). No deep convection scheme is used, since we assume that deep convection is
explicitly represented in the model. We neglect the effects of Coriolis acceleration, radiation, and surface
fluxes, but we use the Eta surface layer scheme (Janjic, 2002), which helps to form coherent cold pools. To
understand the sensitivity of simulated core properties to the model grid size /\x, we performed simulations
with /AAx =4 km, 2 km, 1 km, 500 m, and 250 m without changing any additional model parameters except
the model time step.

To initiate convection, we force vertical velocity during the first hour of the simulations within a half cylinder
of length 40 km, radius of 20 km, and a depth of 4 km in the vertical similar to Ziegler et al. (2010). The flat
side of the half cylinder is located at the surface, and the maximum acceleration of 2 m/s? occurs uniformly
along the center of the half cylinder, which decays radially as a cosine function of the radius. Random noise
helps to trigger 3-D motion and is applied as a potential temperature perturbation with a 0.1 K magnitude in
rectangular prisms of 110 x 80x 4 km size (centered at the location of the half cylinder). The five simulations
are initialized with thermodynamic soundings from severe MCS inflow environments that were simulated
in a 4 km WRF simulation that downscales ERA-Interim reanalysis data (Dee et al., 2011) over most of
North America for the period 2001-2013 (Liu et al., 2017; Prein et al., 2017). These model initial soundings
(details as summarized in Table S3) are comparable to the observed prestorm conditions for Amazon and
Oklahoma MCSs (see Tables S1 and S2), having wind shear typical of the midlatitudes and mean CAPE
(2,246 J/kg) and ELR (6.5°C/km) values that reside in between composite “skinnier” MAO and “fatter” SGP
CAPE conditions (e.g., Lucas et al., 1994b, 1994a).

While these idealized soundings are anticipated to better align with midlatitude SGP conditions, these do
not reflect archetypal SGP MCS radiosonde conditions. For example, the soundings feature relatively higher
0-5 km RH (90%) and reduced CIN (-22.4 J/kg) conditions than is typical for either the SGP or MAO con-
ditions (Table S3). Note that a higher 0-5 km RH may promote weaker downdraft intensity or structures
less typical of the SGP events (e.g., see discussions in Wang et al., 2019). Similarly, higher RH conditions are
also associated with wider and intense updrafts in simulations (Morrison, 2017). The simulation runtime is
7 hr, and model outputs are stored in 5 min intervals. We analyze the final 3 hr of the simulations, which
corresponds to the mature MCS phases as based on visual inspection.

For comparisons with RWP observations, 5 min WRF output intervals are too coarse to derive perfectly
aligned 2-D time-height core statistics. For these initial efforts, instantaneous 3-D model outputs are used
to estimate core properties following a similar criterion for draft and mass flux definitions (as described
in section 2) as allowable from 5 min outputs. These selected criteria include identifying features having
|[W| > 1.5 m/s, deeper (vertically) than 500 m (to ensure vertical continuity), and wider (horizontally) than
1 km. These cores are collected from randomly drawn 2-D slices through the simulated convective lines.
Simulated cores also require a minimum mean reflectivity factor (Z > 20 dBZ) to be included and avoid
spurious convective core designations.

In Figure 11, we provide example cross sections through one of the idealized MCS events during its mature
phase. The upper panels plot the cross sections for the vertical air velocity and the estimated reflectivity
factor field as associated with the 1 km simulations (transect as from Figure 11e). The middle panels plot
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Figure 11. Cross sections through a mature idealized MCS simulation (a-d) with 1 km (a and b) and 250 m (c and d)
grid spacings. Colored contours show vertical wind speed (a and c) and reflectivity (b and d), and black contours show
identified updraft cores. A 3-D visualization of the cloud fields of the 1 km and 250 m simulations and the locations of
the cross sections are shown in (e) and (f), respectively.
simulated results from the 250 m grid spacing run at the same time in the idealized simulation (Figure 11f).
The cross section panels in Figures 11a-11d overlay the associated updraft “core” designations (black lines)
as according to the velocity and reflectivity thresholds outlined above
(e.g., 1 km or larger model grid scale objects within convective regions
having |W| > 1.5 m/s).
12 .\\
§ ‘f 4.2. Results of Model Observation Core Comparisons: Profile
:‘(I ‘I‘. and PDF Properties
101 i . - .
A In Figure 12, we plot average core profiles as similar to previous examples
i ‘/," in Figure 9. Mean updraft magnitudes from the simulations overesti-
8- I/‘ ’.:/“," mate the mean observational retrieved profile behaviors as sampled at
E 1y SGP and MAO. Since we are performing a similar form of random core
= Vit sampling, these comparisons should both reflect similar expectation core
'%9; 6 - \ /,/:,f’{' <W?> under sampling bias. Moreover, we note that the model sampled
‘;,"” — MAO 95th percentile updraft performances only slightly underestimate those
SGP from the SGP RWP observations, to be discussed below.
4 Updraft cores — 250m
500m Figure 12 suggests that the more optimal updraft performances are those
, : ;tm associated with the higher model resolutions (e.g., 250 and 500 m). Core
54 N i l\ I / / / 4km results at these scales exhibit mean updraft profile behaviors closer (e.g.,
S '5“ : 5 ; " - weaker) to the observations. This result accompanies the results that most
model 95th percentile behaviors that reside in between the SGP and MAO

Vertical Velocity [m s1]

Figure 12. As in Figure 4b, but for convective cores within squall line
locations having |W| > 1.5 m/s for the WRF simulations with different
horizontal grid spacings (/\x from 250 m to 4 km). The solid lines are the
mean profiles, and the dashed lines are the 95th percentile profiles.

observational extremes. In contrast to updraft properties, model down-
drafts are underestimated at all model grid spacings when compared to
the statistical RWP observations. Nevertheless, downdrafts are found to
increase in intensity with increasing model resolution; thus, velocities

WANG ET AL.

150f 23



~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres

10.1029/2019JD031774

0.35

Probability
© o o ©
= | o N N
o w o w
1 1 1 1

0.05

5 7 9 11
<|W|>[ms~1]

0.7 A
0.6

0.5 A

Probability
© o o
NoWw
L 1 1

1

2 3 4 5
Core Width [km]

(e} ]

CDF
Probability

CDF

0.200

0.150 4

0.075 A
0.050 A

0.025 q§ &% &

0.000 +=
1 3

5 7 9
Max |W| [m s71]

Probability
© © © o o o
= = N N w w
o U o u o u
1 1 1 1 1 1

0 2

4 6 8

10

Mass Flux [103 kg m™! s71]

CDF

11 13 15

CDF

Figure 13. As in Figure 5 but for both observations (MAO and SGP) and WRF simulations with different horizontal
grid spacings (/\x = 1 km and 250 m).

0.35

0.30 A

Probability
© o o o
= - N N
o [6,] o 6]
1 1 1 1

0.05 48 &

0.8 A

Probability
o o
IS o
L 1

°©
N
1

0.0

2 3 4 5
Core Width [km]

Figure 14. As in Figure 13 but for downdraft cores.

CDF

CDF

0.30

0.25 A

0.15 4

Probability

0.10 o

0.05

0.00 +=
1 3

5 7 9
Max |W| [m s71]

11 13 1

- 1.0

- 0.8

- 0.6

CDF

o4

- 0.2

- 0.0
5

o
w
1

Probability
o
N
L

0.1 A

0.0 +
0o 2

4 6 8

CDF

10 12
Mass Flux [103 kg m~1 s71]

WANG ET AL.

16 of 23



~1
AGU

100

VANCING EAR
AND SPACE SCI

Journal of Geophysical Research: Atmospheres

10.1029/2019JD031774

<W> [ms1]

<W>/Max W

(@) rikm = 0.5, rasom = 0.5

12 4

10 A

0 2 4 6 8

Updraft Core Width [km]

(C) Mkm = -0.7, Msom = -0.7

0.8 1

0.7

0.6 1

0.5 1

0 2 4 6 8

Updraft Core Width [km]

Max W [m s71]

Mass Flux [103 kg m~! s71]

(b) rikm = 0.6, r2som = 0.6

15 4

10 A

2 4 6
Updraft Core Width [km]

(d) rikm = 0.7, rasom = 0.8

40 A

30 A

20 A

10 A

C e

MAO T
SGP

1km T @
250m

2 4 6
Updraft Core Width [km]

Figure 15. As in Figure 7 but for both observations (MAO and SGP) and WRF simulations with different horizontal
grid spacings (Ax = 1 km and 250 m).

sampled from the 250 m simulations are in better agreement with the observations. Again, one caveat of
such comparisons between RWP observations and idealized model simulations is that they are statistical in
nature, with the assumption that sampling in observations over many MCS events at one location is equiv-
alent to sampling in simulations over a large area from a few idealized MCS events. Thus, we cannot rule
out the possibility that differences between observations and simulations as in Figure 12 could arise from
the differences in the thermodynamic environments (e.g., Table S3).

In Figure 13 (updrafts) and Figure 14 (downdrafts), we compare the 1-D histograms of core properties
between the highest resolution 250 m runs, a standard 1 km grid spacing benchmark, and the observa-
tions. For completeness, we provide additional waterfall plots for the changes to these 1-D histograms (core
width and mean core velocity retrievals) as a function of height for various model grid spacings compared
to the SGP/MAO observations in our supplemental images (Figures S1-S4). The distributions from the 250
m simulations show an overall improvement compared to our SGP observations and the core properties at
coarser model scales. In particular, simulated 250 m model updrafts align with a similar peak in the most
frequently observed core mean/max value. However, cumulative displays of updraft magnitudes at all model
resolutions skew toward more intense air motions (Figures 13a and 13b). We find the opposite behavior for
downdraft cores, wherein most simulations are more frequently predicting smaller draft magnitudes and
skew toward weaker intensities overall (Figures 14a and 14b). Coarser resolution model drafts indicate sig-
nificantly higher frequencies for wider cores (updrafts and downdrafts) than we observe. Core widths in
250 m simulations are improved, indicating a similar size for the most frequently identified draft width.
Since MCS simulations at all scales favor additional intense and larger cores, mass flux values also skew
toward higher values than the observations. Not surprisingly, better model updraft and downdraft mass flux
performances link to the coupled draft intensity and width improvements at the finer model grid spacings.

WANG ET AL.

17 of 23



~1
AGU

100

VANCING EAR
AND SPACE SCI

Journal of Geophysical Research

Atmospheres

10.1029/2019JD031774

(@) rikm = 0.2, rasom = 0.3

(b) rikm = 0.4, rasom = 0.4

6 - —_
I 10 A g -
5 A = T gy _ -— i
7 T T .- l Tm 8 1 ¥ il
- 7 ( ] {
£ 41 ok ®-0 o £ - - r/r—/‘. °
A e il e 0o *® S N e
T34 ¢ : i 4 : ¢ o0
o - L - Ll *T oapen i | bl e
oL - ® i IoF
2 2 ® _ - I -
Lo 2 1 e
0 2 4 6 8 0 2 4 6 8
Downdraft Core Width [km] Downdraft Core Width [km]
(c) rigm = -0.7, rasom = -0.6 (d) rikm = 0.8, rasom = 0.9
= - 30 A
° @ - _ ® MAo T e
L T T T 25 4 SGP . e
081 =@ - oS & 1ikm 1
z e ® Ll €204 @ 250m -
C T o o
é 0 7 4 ® o (] ps ~ ®
= N e o 515 [ B
A ® —
® . @
7 061 \ PO % 10 i
L .—\_ [ '-'u-) -
L - 8 5 4
0.5 ol + =
T T T T 0 ] T T T T
0 2 4 6 8 0 2 4 6 8

Downdraft Core Width [km] Downdraft Core Width [km]

Figure 16. As in Figure 15 but for downdraft cores.

4.3. Results of Model Observation Core Comparisons: 2-D Core Properties

We plot the 2-D core properties and size-intensity relationships between the simulations and observations
in Figures 15 and 16. As consistent with the results in the above section, higher-resolution model properties
compare the most favorably with the RWP observations. The model observational agreement is reason-
able for the sampled range of RWP core widths with respect to updraft properties. Updraft cores at both
1 km and 250 m grid spacings align with observed mean/max performances for size-intensity relationships
(Figure 15). Modeled updraft mass flux skews slightly larger than our observations at larger core sizes, but
mean air motions are similar. Downdraft properties better converge to the observations for our 250 m sim-
ulations. Although updrafts are comparable at various model scales according to size-intensity depictions,
the improvement in downdraft properties at finer grid scales is pronounced. For example, 250 m resolu-
tion simulations demonstrate an improvement in <W>/W, . performance that also indicates a similar
size dependence (negative correlation) as in the observations (e.g., Figure 15c¢). While there are similari-
ties between the 1 km and 250 m simulation performances that suggest similar <W>, W,,,., and mass flux
trends for similarly sized updrafts, the shape parameter improvement suggests 250 m simulations are better
at capturing the individual cores.

5. Discussion

It is difficult to compare RWP results with previous observational studies including aircraft observations
that are typically drawn from limited cloud/event sampling, or core populations drawn from different cloud
types and lifecycle stages. It is not surprising that we observe the most agreement to previous Oklahoma core
studies that share similar instrument sampling, storm types, and record length. Overall, 1-D draft velocity
distributions skew slightly weaker and smaller than those reported by Giangrande et al. (2013). This may be
partially attributed to natural (event) variability and convective cloud types, as the Giangrande et al. (2013)
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study included supercell thunderstorm overpasses that are typically attributed to having more intense, wider
drafts. We note that the most frequently reported core size in Giangrande et al. (2013) was in the 1.5-2 km
size bin, as compared to the peak found within the 1-1.5 km range for the current study. It is consistent that
observations for weaker updrafts would also be those associated with smaller drafts. Since the most intense
and widest cores we designate are also observed at the higher altitudes, such one-dimensional depictions
are also influenced by conditional sampling biases (e.g., fewer but potentially fortuitous sampling aloft in
mature or deeper convective events). Because of this, we did not prioritize such observations for subsequent
model comparisons. Nevertheless, we note that core profile median/90/95th percentile properties with alti-
tude (e.g., Figure 9) are similar in magnitude at similar altitudes to those found in Giangrande et al. (2013),
their Figure 6. This also suggests that some 1-D profile differences between the two Oklahoma studies are
due to differences in the lower-level core sampling and aggregation of such properties. This includes choices
in our current study to avoid melting layer regions (between 3 and 5 km) that may be associated with a
substantial number of smaller-sized cores with an absence of larger cores.

When considering model observational comparisons sharing similar forms of sampling limitations, our ini-
tial statistical investigations of the 250 m model grid spacing are nevertheless encouraging for the range of
core widths observed by RWP and when considering the idealized setup of these simulations. For 250 m
simulations, the model favors weaker and smaller updraft cores, corresponding also to higher core counts.
These results are consistent with previous squall line modeling studies (e.g., Lebo & Morrison, 2015),
here with RWP statistical observations supportive of this change in model performance. Although simu-
lations and our observations suggest increasing core velocity magnitude (widening of distribution tails for
updrafts/downdrafts) with altitude, the observations and finer grid-spacing model runs are less supportive
for as pronounced an increase in core width with altitude to accompany this increase in core intensity. How-
ever, some model observation discrepancies may also be expected owing to our retrieval assumptions, such
as assuming a constant storm motion with altitude.

One lingering criticism from these idealized simulation comparisons is the model tendency to simulate
unrealistic large (in size) updraft cores (again, as in following our particular definitions) that may dispropor-
tionately influence mean air motion by a factor of 2 as was similarly reported in previous studies (e.g., Varble
et al., 2014). However, our idealized simulations do not seem to indicate a poor performance in the 95th per-
centile profiles (as a proxy for maximum updrafts), or when looking at core populations for a given size bin.
Here, we caution that this favorable performance may reflect a different limitation of our sampling, placing
too much emphasis on the most extreme or less sampled conditions. Similarly, profile comparisons as in
Figure 12 do not communicate the areal coverage occupied by updrafts/downdrafts, and favorable results
do not exclude other deficiencies in mass flux characteristics. Note that since the model drafts tend to be less
triangular than radar-designated drafts when not properly resolved, combined sampling biases (section 2.5)
may argue that the models still encourage overestimation of maximum draft intensities as compared to
similar observational sampling to coarser resolutions.

Overall, although size distributions of updraft cores improve at finer grid scales (e.g., Figure 13c and sup-
plemental waterfall images Figures S1-S4), our performances help demonstrate the complex nature when
communicating deficiencies in modeled updraft behaviors. Although many factors may contribute to these
discrepancies, the frequency with which we designate additional intermediate to wider model core sizes
(sizes between 4 and 8 km) is generally not consistent with our current observations (Figures 13a and 13b;
supplemental plots). Moreover, models produce more frequent intense wide updraft cores with strong verti-
cal velocities compared to RWP. Once again, for the updraft widths that the RWP most frequently designates
applying our retrieval methods (core width <8 km), mean model 2-D size-intensity-mass flux relationships
still appear quite reasonable for a given core width interval (e.g., Figure 15).

Moreover, within the typical range of core widths that the RWP observes, it is encouraging that these results
indicate several bulk core relationships such as mass flux and velocities can already be realistically cap-
tured by kilometer-scale models. The biggest improvement we highlight is with the more realistic capture
of convective downdraft properties at finer grid scales. Furthermore, updraft (core width) and downdraft
(core width and intensity) improvements at finer grid scales are coupled, since an absence of convective
downdrafts in coarser grid-scale simulations should be expected given coarser model inability to resolve
strong horizontal gradients of vertical air motion and the (typically) more intense convective core updrafts
mixing/dissipating downdrafts.
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6. Summary
This study documents deep convective updraft and downdraft characteristics using an extended RWP record
Acknowled . at two locations (i.e., midlatitude continental U.S. and tropical central Amazon). The emphasis is on improv-
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ing our understanding of convective cloud updraft and downdraft core properties including core width,
shape, and intensity relationships. Our focus on mature-stage MCSs was done to help improve updraft
and downdraft representativeness by mitigating one known limitation of previous aircraft/radar composite
studies that aggregate different convection types (e.g., MCS and isolated cell) and lifecycle stages.

Further, we examine the usefulness of statistical RWP-retrieved core characteristics with an introductory
model observational intercomparison of convective core properties. These efforts benefit from idealized
WRF MCS simulations at various model grid spacings from 4 km to 250 m. Comparisons are performed in
a manner that promotes similar 1-D and 2-D properties, including potential for biases therein (e.g., “chord-
ing” type or convective line classification considerations applied to model and observations as consistently as
was possible given model output resolution). We find that improving the model grid spacing down to 250 m
scales helps MCS simulations better resolve statistical updraft and downdraft magnitudes, core width, and
profile details. We suggest significant model improvement in convective downdraft representations (width,
intensity, and shape) to accompany improvements in updraft behaviors (width and shape).

Three key results of this study are as follows:

1. Mature-stage MCS core properties share similar characteristics to the findings of previous aircraft and
radar-based studies. This includes behaviors such as (a) estimated vertical air motions (core updrafts
and downdrafts) increasing with altitude; (b) extremes in updraft and downdraft air motions exceeding
10 m/s to the higher altitudes; (c) positive correlations ( ~ 0.4-0.5) between draft size and intensity; and
(d) similar 2-D core mass flux values.

2. Amazon core properties align with previous maritime tropical convective examples (e.g., May & Rajopad-
hyaya, 1996), whereas Oklahoma MCS core characteristics and statistical profiles are comparable, with
1-D core properties skewed slightly smaller/weaker than previous Oklahoma efforts that included super-
cell thunderstorms (e.g., Giangrande et al., 2013). The MCS draft properties from the Oklahoma MCSs are
significantly more intense, larger, and having enhanced draft mass flux (for a similarly sized core) than
the observations from mature-phase Amazon MCSs. These findings are consistent with larger-scale forc-
ing for Oklahoma events and steeper ELRs, despite Amazon events favoring similar or larger CAPE and
CIN values (e.g., “skinny” or “fatter” CAPE arguments as in Lucas et al., 1994a, 1994b). Downdrafts are
also more intense and more frequent to higher altitudes for the Oklahoma events than Amazon MCSs,
as consistent with Wang et al. (2019) and physical arguments therein. Interestingly, Amazon MCS prop-
erties do not vary significantly between wet to dry season examples, suggesting seasonal variability in
MCS conditions is not as important to these properties as perhaps with widespread or isolated convective
regimes (e.g., Giangrande et al., 2016).

3. A model observational intercomparison for statistical draft properties is performed using idealized WRF
simulations consistent with the midlatitude continental (SGP) MCS environments. It is shown that
the model simulations performed at /\x = 250 m for mature MCS stages were also those that exhibit
improved convective core draft intensity, mass flux, width, and shape parameter performances. These
performances were more consistent between the midlatitude observations and idealized model forcing
conditions. Although all simulations predict more frequent intermediate to larger-sized updraft cores,
the results indicate that core mass flux, air motions, and size relationships can be realistically captured
by kilometer scale models within the ranges of core sizes the RWP typically retrieves (widths < 8 km).
The most pronounced improvement we observe was the more realistic downdraft treatments at finer
model resolutions.
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